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Simultaneous control of sevefal degrees of freedom.of multi-

) Jirair i\gopyen ..

functional prostheses that can be’ subconsciously operated
has been a major problem in prostheses design. To date no

- system has been fully euccessfull in achieving ‘this goal.

This thesi§ qe;cri'bes a control scheme for brostheses. that,
after a short training period, 1is expected to reduce con-
siderably the reguirement for ampu[ee concentration in
opetating hi:s multifuncti,onal prosthesis in a coordinated
manner w_hilet,, providing him with sufficient functionality.:
l' - .B " '. ) .o
The proposed c&ntrql scheme is a modified form of extended
physiological -ptopridception. Pro"g'rammable‘ fixed linkages
are used to achieve coordinated cont.rol’ of several degrees

i

- of freedom of the prosthesis,

4

A microcomputer controlled abone-elbow prosth,esis using the -

above control method has been designed and. a bench model has
been built. The :controlling input to the prosthesis is the

shoulder position. -The controlled functions are: hand

pt_ehensj.én, wrist rotation, and elbow fleyion/extension.
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Replacement of lost limbé and their functions by agt'ific‘i.al
equivalents has‘been a major challenge for rehabilitation
séientists and engineers. Although, to da'te, ﬁo system has
been successful in matching, or eyen coming close to, the
mechanical performance of the natural arm, considerable
progress has been made\ in enhancing the cababilities of the '
amputeég.‘. ) « —

Early prostheses Wsed body power to control the functions of
the artificial arm. They were developed to a high dégree in
América during the early 1950's. Basically they use either
arm flexion (glenohumeral flexion) or shoulder shrug (scapu-
laf or biscapular abduction) to ope;.'ate a Bowden cahkle that

°

activates the artificial 1limb.
»
A body powered prosthesis for the above ‘elbow amputee is
usually provided with a flexiblé elbow -uand a prehension hook
mounted on a friction turntable to enable passive wrist 4
’ \\ rotation. Both 'the elbow and the hook are activated by
4

rounding the shoulders to tighten a strap, thus pulling the .

) BN
¥ ‘Bowden cable. A shoulder activated mechanical switch locks ¢

j/the elbow in place allowing further shoulder action to

~ . . i ) .

) ' \
e
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perform hook opening. Elbow extension uses gravity and the

o

hook is spring loaded in the closed position.

-

R - [
A typical body powered above-elbow prosthesis is shown in

figure 1.1. A body powered prosthesis often provides good

function for the patient. It has the advantages of being

simple, rugged, telétively ' inexpensive and easily

repai;\able .

Fig. 1.1: A typical body powered above elbow prosthesis.-

[ §

The major disadvantage of a body powered prosthesis is its
& Ty

cumbersomeness to wear because of the harnesses., The need

for egicessive harnessing may also be uncomfortable and

- restrictive in terms of the envelope of space with respect




(é:l

. indispensable.

“.
&

| to the body in which the prosthesis may be operated Gross

. motions are required to activate the arm. The pinch forces

in the hand and the lifting forces on the elbow are not as

dlatge"as may be desired. Restrictions on coordinated

motion, such as the impossibility of'simultanebus operatiou

of the elbow and the hook, are other drawbacks of the
! . N
\ .

hody—powcred systems.

\
At high levels of amputation, such as shoulder disarticulat-

ion, bilateral disarticulation or congenit;l absence of both

‘upper extremities, body Jpowered positioning of artificial

arms and opening/closing of the terminal device 1is not

Sbossible [18]. Herfke for such cases external power becomes

S—
e

= o

In an externally powered prosthesis, thc joints of the arti-

ficial arm are *driven by externally powsred actuators. The

h v » v

" actuators that have been cansidered are either pneumatic or

electfical.

3

. - : C-

The first exte}nally«powereo prostheses were pneumatic.' In

o

31&?7 Harquardt and Hafner first fitted a child with bilater-'

al amelia of the upper limbs with a bneumatic prosthesis_

[18]. During ‘the 1960's, pneumatic arm prostheses cont-

rolled by body-activated valves were being used rather

1
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Americad, however, the trend. was towa:ids eléctric power,
mainly due to the absen—c% of a 'goid“distribut\ion system for
compressed~-gas replacement cy).inde s. =~ ' ’ ‘

R e Y

One disadvantage of electric actuators is their heavier

.weight compared to coméres’sed—gas actuators. However.,, new

design ideas incorporating small electric motors coypled
' «

with complex gear sysfiems promise a con'siderable reduction

in actuator weight. Also’, the relative ease of recharging
- . Ve

bqttéri\es as opposed to changing or refilling the compressed

gas cylinders, makes electric prostheses more attractive, !

(3

s
- ¢

"A "pro‘sthes;s,. essetﬁ.tially, is a machine attached to the

man., The,. man has to senci com(nahds to the prosthesis to
perform the dés.\i;&e\d.functions.- In an externally pc;wered
ptosthesis, the control signals are usually of biémechanical
or bxoelectnc origin [4]. Among the biqmeéhanical sources

that have been anestlgated the/mbst acceptable one seems

‘o be \the motion C}ﬁ/a part of the body. If, for example,

the shoulder motion or the motion of the c1av1c1es is used
o -
to control the prosthesis, - t'che amputee can learn to

associate his shoulder or clavicle positions with the

functions of the prosthesis.,

.

< . r
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exteneivély in Europe by limb deficient children [4]. 1In.
A ,

’

v
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A bloelectric contirol‘»'source currently under consideration

is the myoelectric signal (EMG). In myoelectric contr'ol,

muscle potentials are used to control thé functions of the
, prosthesis. > These signals occur 'whenn the brain sends a
\ mess’ager to a muscle a.nd tl'me muscle t’issues expand or- contr-
act . to produce the requested motion. 1In a large number of
amputati\ons, it is known that the amputee retains a residual
‘image of the iost limb, often complete with sensations.
. When the ;mputee tries to move this phantom limb, EMG im-
pulses occur in the remaining musculature. These impulses
form patterns which are distinguishable with regard tolin-
tended motion. In myoelectric control, they are detected by
means of electrodes inserted into the muscle or via skin'
electrodes appiied to the skin over the muscle.
The major problem in the design of multifunctional prosthe-
sis is the simultaneq/x.;s cgntrol of severa.{ ?!grees of.free-
dom. As the deg\r/e/es/-/of-freedom, or the nuniber of prosthesis
joints ‘that can be independe.ntly controlled incre}ases, the
éomplexity in the coordinaté&d control of these joints also
increases in a non-linear way. A high degree of user
goncentration\ becomes necessary to control.'the prosthesis.

e

various methods to achieve subconscious coordinated motion

e
e

in several degrees—-of-freedom using control signals of

14
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biomechanical or gioelectric origin have bee
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They will be examined in the next section.
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" 2. CONTROLLING CONCEPTS

From a theoretical poin't of view, ' the most attractive

approach towards coordinated motion is to use the brain's

own "computerf to perfor’m the control [20]. Then, the

signals ‘from the braan that were used to control the "normal
arm will be directly employed to coordinate }:he various
degrees of freedom of the art;ificial arm. EMG is bne such
signa'l which is currently in common use.
: e

Earlier myoelectrlc controlled prostheses looked only for
the presence or absence of the EMG signals a\t the controll-
ing sites [16]. Thus, if the bice'ps and the triceps muscles
were used to control the opening a:; closing of an elecric
hand prosthesis, re§pective1y, then the electrical activity

on the biceps muscles was interpreted as a command to open

the hand while the electrical activity on the triceps

“ muscles was interpreted as a command to close the hand. If

___more degrees of freedom' on the prosthesis, “such as_  elbow

flexion/extension and wrist 'pronation/supination were

required, then more muscle sites would be used to control

the additional degrees of freedom.

-~

, Recent advances in technology, such as the development of

microproceésors, have made the on-line analysis of the EMG

”

o it e
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patterns possible. “The information obtained from this
analysis is used to co'ntrol the various dlegtees of freedom

of the artificial arm.}

There are two major approaches to match ‘the various myo-
electric patterns to desired limb functions. The Eirst,

based on the works oof Lawrence [14], Lyman et al (5],({17] or

of Jacobson and Mann [12], requires mapping of several

electrode sites; at each of which the EMG function is
strongly correlated with a single limb function. It employs

the average levels or the low-frequency characteristics of

the EMG signals and their mapping or distribution over theg

various electrode locations.

‘This/ap'proach.requires many electrode si:teé, usually of the
order of ten or more depending on the number of limb func-
tions to- -be‘ independently controlled. For example, the
system suggested by Lyman and Freedy (5] uses EMG signals
" from nine sites to control three deérees of freedom of the
artificial 1limb. Due to the number of eiectrode sites
required, this approach is limited to amputees with little
nerve and muscle damage to their stump and with:relatively

‘ )

long stumps.
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A second approach to'myoelectric pattern matching has been
:suggested bﬁm Graupe and his associates [7.,8,91, which

utilizes the signal's statistical dynamics rather than its

¢

level. . Since the methéd is concerned with the complete .

spectrum of the signal at a given .site, 'sué; that the
complete linear information content of the EMG signal is
considered (i.e. at all frequencies), it 1is considerdbly
more efficient in terms of utilizing the information content
of the EMG signal, and thus less electrode loc;tions are
requi;ed [7). The requirement for le;s electrode sites makes

this approach suitable for amputees with shoulder disarticu-

lation or with severe nerve and muscle damage to their

\stump. In their system, Graupe and his associates use from

one to three muscle si%es to control five 1limb functions.

One'major problem with EMG contro; is that its operation is
Qighly dependent on direot visual feedback. There are basi-
cally two reasons for this dependence. The first reason is
due to’the fact that EMG is exclusively an efferent phenome-
non [101. In other words, if we regard the -man/prosthesis
system as an interaction between man and machine, EMG\is
capable of providing’communicaiion from man to machine but
not vice versa. The second reason for the necessity of
visual feedback is that the activity of the muscles is rep-

resented only poorly, if at all, at the conscious levels in

4
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the central nervous $ystem. Thus an amputee using an EMG
controlled prosthesis wouid be poorly aware of what he was
telling the machine to do and .hence would have to rely

heavily on direct observation of the prosthesis.'

This dependence on'visﬁal feedback may be acceptable if the
controlled joint is not’'primarily a position fvunction such
as the control of hand prehension. However, if the posi-
4ioning of the artificial arm in space relative to the body
is concerneé, the lack of proprioceptive inforﬁtion makes

the amputee very dependent on visual fee/db‘aek. .

As the degree of freedom of the . prosthesis increases, a
large amount of user concentration 1is required. This is

very undesirable since the main occupation of the amputee

should not 'be the control of  the prosthgsis, but r:"é,ther he

should be.\allowed to perform other intellectual activities

such as talk.ing or thinking while he is performing some task
with his artificial arm. Thus, the control of the pros-

thesis has to be subconscious in nature as is the case in

the control of the natural arm.,._

Efforts to provide sensory feedback by means of externally
generated stimuli have been considered by various research-

ers [(17]. The use of pressure 6n the skin, or the appli-

t
*9

- 10 -
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cation of electric pulses proportional to the signals
originat-ing at the prosthesis control site, may be useful to
some extent for force feedback. However, it is totally
inadequate as a means of supplying position information.
The lack of sucﬁ hproprioceptive, information, and thus
dependence on visual feedback, leads to the rejection of

multifunctic;nal prostheses by the majority of amputees [10].

Y
ol
‘

Jr‘ 0
. EMG controlled arm prostheses developed to date can be<con-—

sidered open loop systems since "no, satisfactory position
feedback, apart from visual feedback, has been provided to
the amputee. Consequently, attempts to achieve subconscious
coordinated'motion’ via myoelectric control have not been

successful to date. However, other techniques which are

less elegant but more promising have been investigated.

One .such technique for achieving coordinated motion is to
se a system of linked motions so that coordinated motion of

. . A
sqveral joints is automatically coupled to produce a certain

function with only one control signal input [13]. Mechanic-

hat a single input signal causes the coordinated
activation of several joints. This type of fixed li'nkage,
, is likely to be constraining to the amputee since

A

He will\ find it easy to perform a certain task with his

FERACT
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prosthesis, while to perform "another will be impbssib,le.
Carlson[3] has investigated the possibility of generating a
patﬁéfn of linked motions which is useful for several coﬁmon

tasks.

”

3

Another alternative for simultaneous'subconscibus control of
several degrees bf freedom is to obtain position feedback
from all the artificial joints. A one-to-one correspondance
is estéblished betweenéphe joint angles of the a;tificial

limb and the natural joints of the body that control those

‘artificial joints. The patient obtains proprioceptive -

information (or positien feedback) from the natural jbints,
thus eliminating the reguirement for visual observation and

excessive concentration.

The validity of this approaéh is demonstrated by the excel-
lent sensory feedback obtained by an amputee using a body
powered prosthesis incorporating a Bowden cable. Force,
movement, and positibn information are fed back to the
amputeé?in a very natural End easily coinpr_ehensible way.

This system works very well because the movement, force and

position of the prosthesis is related on a 1:1 basis to the

movement, force and position of the Bowden cable. Simpson

[21,23] achieves a similar quality of proprioceptive infor- i

mation with his C02 powered prosthesis . In designing his

- 12 -




I 0 v earpinr s e o

Py e o v

LY

. 4
prosthesis, Simpson introduced the term "extended physiolo-

giéal proprioception® (e.p.p.) which refers to the estab-
lishment of a direct relationship between the movement of a
normally funct;dling joint (the input signal) and the move-
ment of the prosthesis. 1In his prosthesis, Simpson uses the

position of the clavicular joints as inputs, thus extending

the natural position feedback (proprioception) of the clavi-

)

cular joints into the prosthesis.

This concept of extended physiological proprioception is’

analogous to the position and velocity information obtained
through the hand and other body joints involved in sports
such as tennis, squash or baseball. The person learns to
associate his body.joints with the position of the artifici-
al extension'(i;e. the raquet)' and control becomes subcons-
cious in nature. Similarly a patient can learn to associate
the position of the artificial arm with the'position of a

normally functioning joint of the body (the clavicular‘joint

positions in the case of Simpson's prosthesis).

Simpson also introduced an additional feature termed the
"unbeatable servo” to prevent the control input from moving
faster or .further than the prosthesis can follow. This
constraint on the input to move only as fast aslthe prosthe~

-

tic joint; helps to preserve the one-~to-one relationship

ey, b - g . [ [
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between the input and the output which is essential to

e.p.p.

Other groups have also used the principle of e.p.p. in th;
design’ o€ electrically powered prostheses [1,23]. Like
- Simpson, they use clavicular joint positions as input sig-
nals. Prosthesis control systems employing e.p.p hav; had a
dramatic effect in the reduction of the training period and

tn the acceptance of the arms by the amputees [22].

1

- 14 - ‘
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3. DESIGN CRITERIA FOR OUR ARM ~——
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\
After reviewing the various options for the control of

multifunctional prostheses, and based on their experience in

the field, Gibbons and O'Riain [19,6] dec'ided to set down

the following priori;ieé for prosthesis design:

a

El

(i) Proprioceptive feedback of force, movement and position
¢ should be made availat;le to the amputee.

(ii) An 'easy—to—learn means of achieving coordinated

movement of thé prpsthesis should be implemgnted.

Even though, from a, th’eor;tical point of view, the most
elegant. meéns of ,‘achieving these objec,:tiv is wvia
myoelectric control, the open loop nature of such;control
modalities (due to the absence of afferent pathways) makes
it impossible t% realize a myoelectric controlled
multi-functional prosthesis that willl meet the first of the

above priorities.

At the present time, and probably for some time to come, the

only truly satisfactory modality of position proprioception

.remair;s to be one which makes use of a limb p'osition.' The

validity of this is demonstrated bi' the wide acgeptancé the

'
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body powered prosthesis and externally powered érosthesesu
using e.p.p. has found among the amputees. _ B
Hence Gibbons and O'Riain decided” to use the principle of
extended phyéiological prbptioception in the electrically
powered above elbow prosthesis. However, a major moQi-
fication to the conventional épplication of e.p.p. was

introduced. . :

In a conventional e.p.p.'system; each prosthesis joint is
controlled by one normally functioning joint [4]. If the

~ R J .
or more prosthesis joints is re-

sfﬁgltaneous motion of two
quired, the amputee has to move two or more of his corres-
ponding jo?nts,in a,coordinated manner., Even though the

amputee receives proprioceptive information regarding the

position of each prosthetic joint, their coordinated control

+

v

requires some conceng;ation.

. &

.The modification introduced by Gibbons and O'Riain involved

I

the adopti?n of a system of 1linked motions such that one
' \ : .
normally functioning body joint motion will result in the

coordinated motion of two or more prosthetic joints. This

-t

s -

feature would relieve the amputee from the burden of
coordinating various prosthetic #oints. :

L

1

4

A
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The ' linkages would be pre-determined and bf,selectable by
the amputeé. A microprocessor sxstem‘with stored programmes
was to be u;ed for fh;s purpose; The selectability of vaf;
ious linkagés;pverégmes the difficulty imposed’ﬁ?ﬂibnveh—

tional linked motion prostheses, where the amputee is i:sily

able to perform a few tasks with his prosthesis while he

finds it impossible to perform others. Using the appréaéh'

of Gibbons;}nd O‘'Riain, the amputee will be able to choose

thé proper linkage for the task he wishes to perform.’

L

.The selection of different linkages will be achieved by a

!
simple switching system that will be activated by the other

(usually intact) hand. Frequent switching between different
linkages will not be,necess&ry since tasks’r;quiring mani-
pulation are 9f§en repetitiye'[6]. ‘

N ' .
For the above-elbow prosthesis, Gibbons and O'Riain decided
to use“the'shoulder joint as the controlling input. The
\choice of the shoulder position as the input signal was

based on the recognition of the fact that many panipdlétive

- . ]
tasks involve a coordination of the shoulder, elbow, and

wrist movements. Thus the use of the shoulder joint,’ which

!

would be'naturalﬁ? involved in the movement of the normal
arm, will help to make the artificial arm movements resemble
natural arm movements. ) “ ' \

1

S
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‘ing input'to the ptosthesis.
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.
One drawback of the use of the shoulder movement as 'the
controlling input is that the movément of the wrist and el-
bow becomes impossible without the movement of the shoulder.
In the situation where an amputeéfis greatly involved in

activities that require the motion of the wrist and elbow

without tﬁ:\moveﬁﬁnt of the shoulder, other 3joints such .as

v

"the clavicular joints will have to be used as the controll-
A .

o

A ’ .
N -

The motion of the clavicular joints has(been succeésfully
used by Simpson in his e.p.p. prosthesis and will be used by
us to extend our prosthesi for shoulder disarticulation
amputees. ﬁowever, we will limit our discussions at this
point to\ébove elbow prostheses where the shoulder joint can

I
be used as the controlling input.

'An under-arm goniometef which measures shoulder flexion and

extension will be used to provide the input to the micro-

processor. Upon receiving information on the shoulder

position, the Jnicroprocessor will position the controlled
o, % \

joints according to the selected linkage. A different

choice of linkage will result in a different~pqsitioning of

the artificial arm for the same shoulder position. Thus‘by

selecting different linkages, -the amputeee will be able to

; ]

i

N
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vary the input-output relationships of the'system; -Hence he

will be able to perform a variety of different activities.

It is expected that the amputee will bgkable to learnp\iﬁ a

short training period, the various 1inkagés that are avail-

able to him, By learning those linkages which are essen-
tially tgé input output relationships of the prosthesis, he
will be able to associate  his shoulder joint with the posi-
tioﬁ of the aritifical arm. Hence he will have excellent

proprioceptive feedback.

Furthermore,,6 having selected a certain 1linkage such as
, \ \ A

bringing objects to the mouth, all he will have to do is to

move his shoulder as he would normally do to perform this

task. The artificial arm joints will be positioned as

defined by the pre-programmethinkage. Hence, simultaneous

.coordinated motion with proprioceptive feedback will be

achieved.

X

In addition, it was decided to incorporate Simpson's "unbea-
5

table servo"™ concept in the new prosthesis, The input

P

goniometer would be equipped with a braking mechanism. The .

braking will limit shoulder movement in accordance with the
current output capabilities of the system. Thus the 1:1

relationship between input and output, which is essential

- 19 -
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for e.p.p. to be effective, will be continuously preserved.
The role of this braking mechanism will become less and less
important as the amputee grows accustomed to the capabili:
ties of his prosthesis. Once this has been achieved, the
cont;o; of-the'pfosthesis will become very close to subcons-
cious. a ' - 1 .
i

An additional advantage stemminJ from thé'use of a micro-
processor is that the dyhamic,charactefistics of the actu-
ators can ie put undér program control. This means that the
amputge can rengate the speed of his prosthesis by varying
the épegd.of his shoulder movement. The maximum speed, how-
ever, wi&i be determined by the current output capabilities

of the prostheéis. An attempt to demand more than the sys-

tem can handle will be prevented by the braking mechanism.

Furthermore, the microprocessor system allows the programm-
, A

ing OE different sets of linkages to fit different patients

needs. According to the epvironment in which the amputee

A Y

wishes to use his prosthesis (such as home and different

t

kinds of work), he may be provided with custom-built

pre-programmed ‘linkages.

¢
]

A prosthesis using the above aﬁproach has been designed and

rs
a prototype has ngn built for above-elbow amputees. It

will be described in the following chapter.

- 20 -
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4. DESCRIPTION OF PROTOTYPE PROSTHESIS

1
The prosthesis that will be described in this chapter has

been designed for above-elbow amputees. 'A bench model has

been built for laboratory test purposes. A prototype to be
tested on amputees for clinical evaluation of the prosthesis
is currently under develoPment.

I 4
The controlling input to the prosthesis under cbnsideration
is the shouldér position. It is assumed that thé'amputee

will be able to use his shoulder joint to control the pros-

‘thesis. The controlled functions of the prosthesis are:

hand prehension, wrist rotation (pronation and supination),
and elbow flexion/extension. Elbow and wrist Jjoints are
controiled by the modified e.p.p. system described in the
previous chapter. Hand prehension is to be boq;rolled py

FMG using a system”developed at the Rehdbilitation Institute

‘'of Montreal (RIM) [15]. This assumes that the amputee's

biceps and triceps muscles are in reasonably good condition
to provide the necessary input signals.
-‘

~

The prosthesis consists of five major components. These,

are:

1) The handiunit and its controlling electronics

2) The wffgg rotation unit

-'21 -
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3) The elbow unit ’
4) Goniometer with a braking mechanism

5) The microcomputer and Xiiﬂsupporting electronics

Standard commercially available hand, wrist "and elbow units

,\'

were used to construct the prosthesis. An Intel 8748 micro-

compdter with the minimum of support electronics provides

the control for those units.,.

In the following sections a brief description of the pros-
thesis components will be given. Then in the next chapters
the controlling software and the support electronics will be

" described in detail.

4.1 Hand Unit:

The hand unit that is being used is & simple pinch prehen-

sion hand developed by the Otto Bock company. It is cont-

rolled by EMG signals from biceps and triceps muscles using
-the systém developed at the Rehabilitation Instifute of
Montreal. This hand unit is routinely being applied at RIM
to below-elbow amputees with proven success. There is no
sensory feedback incorporated with the unit, and its simple
prehension falls far short of the full functionality of a
natural hand. Nevertheless, it has found considerable
acceptance among Amputees. The hand unit along with the

controlling electronics is shown in figure 4.1,

- 22 - ' | K
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One Jf the attractive features of the RIM control strategy
is its flexibility of utilization. It .accommodates either

myoelectric control or a displacement transducer which could

‘be adapted to some anatomical movement ([15]. This versa-

tility will allow us to use some form of biomec?anical
control’ for the hand unit in the case where the biceps and
triceps muscles on the amputee's stump aré too badly damaged
to provide the Vhecessary EMG signals for mYoeleétric

control,

td

- umite A contrdle proportionnel , - électrodes et preamplificatew myo-
et amphlicateur myoelectrique electrique inteyres dans une seule umite
- propartional con‘rol tmit - electrodesand myoelectric pre-
and myoelectric amphilier ampliliericonbined in a single block
. [

~ - inierrupteur -electrode de rélérente  ff
.. =~ on-oft swtch - reference electrode
. \
'

N
a

= suspension'elastique
- soft cushiening

~ 11l d'atimentation 3 12 batterie
- baltery cable
\

Fig. 4.1: RIM hand unit with it's controlling electronics.

>
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4.2 Wrist ‘.Unitz

The wrist rotation unit being used in our prosthesis is also
developed by the Otto Bock ;:om;any- (Figure 4.2). It
provides simple rotation which has been constrained to
movements between pronated (palm down) to supinated (palm
up) positions via microcbmputer control. ,The.modification
that we have made to the wrist unit is the addition of 'a
linear potentiometer to provide feedback of the wristJ :
position to the controlling migrocomputer. The micro-
computer generates the necessary signals to m the

. ™
wrist motor and controls its direction of movement by

.- 8switching the polarity of the signals applied to the motor.




§

The flexion and extension of the wrist is not possiblé‘"wi'th ,
our current wri(st unit. = However, this motion can be
included at a 1later sta;e using friction jointé that will
provide passive flexion and extension of the wrist. This

may be expected to improve the functionality of the pros-

~

thesis.

4.3 Elbow Unit:

In our t?'fench model we have used a Variety Village (W) elbow
developed for children to provide ‘the elbow flexion/
extension of our~ prosthesis (Figure 4.3). A feedback
ﬁotentiometer has been added to this elbow to provide posit-

ion information on the elbow joint to the microcomputer.

A
Fig. 4.3: Variety Village elbow for children.
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In the construction of the prototype, however, the VvV elbow

) . .
unit is being replaced by the Bostonqi‘.lbow developed by

Liberty Mutual Assurance Company in collaboration with
M.I.T., Boston (Figure 4.4). This elbow is currently
available for above elbow amputees and it utilizes EMG
signals obtaineq from ;he_ bic'eps and triceps muscles? tq
control the one (degre; 'of freedkom (flexion/extension) of the
elbow joint. In:our prosthesis, we are not using EMG to
cont‘roI the position of the. elbow, thus, oniy the mechanics
of the Boston elbow are emp;oyed in our. system. For the
control, we are using the concepts d‘escribeé earlier in this

»

thesis. Use of the Boston elbow's hardware, _however, offers

' several advantages in our final prosthesis.

?

. Fig. 4.4: Boston elbow. '
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'l;l?(e way the Boston Elbow is designed allows us to place the

‘ controlling electronics and the batteries inside the fore-

arm. This will make the prosthesis self contained which is

a very attractive featuro.;.\ from an aesthetic point of view.

Additional advantages in using the Boston Elbow are:

1) High speed - 145° of lflexion in only one second.

2) Free swing for ease in walking — the elbow swings
freely 30° or locks directly to motor.

3) Length adjustable to small or large amputees.

4) Reverse locking clutch - Arm locks unless motor is
being driven,

5)- High torque - 6'.1 Newton—meters.

6) Can support 23 kg at 30 cm.

) 0vex!;:iding clutch protects against falls (this‘ i;

very important when the elbow is being extended).

8) Routine maintenance required only once per year.

To adopt the Bos‘ton elbow to our system, all we need to do
is to mount a potentiometer in its elbow motor hous>ing.
Once this has been done, the Otto Bock wrist and hand uﬁits
will be attached to the elbow. After placing the cont,rol-
ling electronics in the  forearm, our prosthesis will be

ready for clinical application.

e e et oens 2 A 20 e -
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4.4 Goniometer:

One obstacle that remains to be solved is the goniometer to
measure shoulder flexion' and extension. | Currently an
experimental goniometer developed by the Rehabilitation
Institute of Montreal that measures shoulder flexion/
extension and abduction is available. However as it can be
seen from figure 4.5; this goniometer is attached to the
back in a ﬁay that it is too cumbersome for a prosthesis
which is worn évery day. Also, it protrudes too much on the

side,

Fig. 4.5: RIM goniometer.
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A new goniometer which can be piaced under the arm and which
is less cumbersome to wear has to be designed. An addition-
al feature that must be included in the goniometer design is
a braking mechanism to limit shoulder movement at ‘any speci-
fied postion and t.ime. This braking is nebesmy»-te.mafce

v

the servo "unbeatable". .

~

Depending on the output capabilitieé of the sytem, the mic-
roprocessor controller will output a brékin\g qommand. This
command will remain until the system has reached the desiaredv
ouput demanded by the input, or if the shoulder movement is :
attempted in the opposite direction to that which caused the

braking. This implies that the braking mechanism has to be

bidirectional with fast application and release times.

At the present time such a goniometer is not available.

Hence, for experimental purposes we have simulated the

14

_shoulder position input wvia a potentiometer and the braking
commands are outputted to LED's telling which direckion the

a

braking should be applied.

- 29 -
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5. ELECTRONIC HARDWARE

a

The,k controlling electronics: for our above elbow prosthesis,
ié based on an 8748 microcomputer manufactured by Intel
Corporation [11]. The Intel 8748 is an 8 bit micrdcomputer
system with iK ROM (Read only memory) and 64 bytes RAM
(Random access memory) integrated on a 40 pin chip. It has
a fairly large set of instructions with an execution speed
of 2.5 or 5 microseconds per instruction when running with a
6 MHz clock. Through its two I/O ports and its BUS port,
the Intel 8748 provides suffic%gné I1/0 éapabilities for most
small microprocessor applications. It has an internal

counter/timer circuitry which can either be used as a timer

or an event counter independently.

-~

-
Even though more powerful microprocessor systems with larger
memory and I/O capabilit{es are av§i1able, and it is poss-
ible éo expand the Intel 8748- system, we have found the
single chip 8748 sufficient fpf our prosthesis application.
We have chosen to use‘the 8748 system primarily because of
its small size. It requires no other supporting hardware
besides a crystal to supply the clock pulses. This compact- :
ness is very critical in our application since we wish‘to be
able to mount all the céntrolling électronics in the elbow
housing of the Boston'Elbow, eliminating the need for,an ex- .
ternal control unit. " '

- 30 -~
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. The ability to have a prosthesis &ith integrated control

unit and power supplies will make the prosthesis more aes-
thetic and, at the séﬁe time, more practiéal to wear (since

the amputee will not have the burden of a;taching‘ any

external devices:to some other part of his body or carrying

theh in his pockets). ,

1

Furthermqég, the Intel 8748 "has a CMOS version available

(NEC uPD80C48) which has a very low power dissipatién. This

. will contribute favourably towards having a prosthesis with

integral power supplies, which has a sufficiently long daily

t
.
—

life to make it pract%cal.

The rest of the controlling electronics consist of an analog
‘ t
multiplexer (MPX), an analog to digital converter (ADC) and

°

the driving electronics for the actuators.

A block diagram of the electronic hardware for the control

of the elbow and wrist unit is shown on figure 5.1. The

0

electronics for the control of the hand prehension developed .

by the Rehabilitation Institute of Montreal will not be' inc-
luded in this thesi; since it is not part of the work des-

cribed here. ooy

l ¢
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. < ELBOW
- BUS K, A AC | MPX |« WRIST V
- WR . . le— GONIOMETER
INT |«
8748 . . . .
PORT2/ 4 .
PORT2/5 - MOTOR » ELBOW .
PORT2/6 ~| DRIVES > WRIST
PORT2/7 -
PORT2/0 )\ SHOULDER
208
" LINKAGE
PORT 1K SELECTION SWITCH

‘Fig. 5.1: Electronic Hardware Block Diagram.

Two linear potentiometers mounted on the elbow and the wrist
unit provide the position informatiodf on the respective
prosthesis’ joints to the microcbmpute‘r. A third potentio-
meter from the goniometer provides the poﬂsition ir;formation
on the ;amputee's shoulder joint. Those three signals provi-
ded by 'the potentiometers are fed into an analog multiplexer
whic'l} is under software control. The analog signal ,sglected
by the software is converted in,to' an 8-bit digital value by

the ADC which also is under software control.

-«
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The BUS port of the 'microcomputer -is used to send the
L
commands to ‘the analog mu}ltiplexer and also to access the

digital data provided by the ADC.

As an input port, the bits Do-D7. of the BUS représent the
selected analog sighal as an 8 bit digital word. As an

output port, the bits of the BUS are used as follows:

D7|Dg|Ds5|D4|D3|D2|D1|Do

not "used L 0 0 select MPX 0 (elbow position)
. 0 1 select MPX 1 (goniometer)
1 0 select MPX 2 (wrist position)
1 1 select MPX 3 (not used)
Fig 5.2: Bits of BUS as an output port. ' (/H

A fourth input to the microcomputer comes from an 8 position

14

BCD switch. This switch is under patient control and will

allow him to select the task he wishes to peform with his

prosthesis. The switch is connected "to PORT 1 of the 8748.

The bits of this port are used as in figure 5.3.
N

-

- 33 -
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D7|Dg |Ds{D4|D3|D2|D1|Dg

e not used

- . 000 select linkage 0
0 0 1 select linkage 1
0 1 0 select linkage 2
0 1 1 select linkage 3
10 0 select linkage 4
101 select linkage 5
1 1 0 'select linkage 6
111 7

select linkage

Fig 5.3: Input bits of PORT 1

The three most significant bifs (Bit 7 through 5) serve the
software as an offset to the one of eiéht preprogrémmed
linkage look up tables stored in the hlghest 256 byte bank
of the mlcrocomputer ROM. The other f1ve bits of this port
are not currently be1ng used. They may be used at a later
stage where thereé is a requirement to accommodate and access
more than the present limit of 8 linkage tables.

PORT 2 of the 1Intel 8748 is used as an outia_ut ﬁort to
activaté the elbow and wrist motors and the bidirectional
shoulder brakes far the accda;iishment, of the unbeatable
servo feature.' The bits of PORT 2 are used as shown ‘in

figure 5.4.

- 34 -
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D71Dg¢ D5‘D4 D3iD2|D1{Do

. L shoulder brakes .
not used 0 0 no-brake

' 0 1 flex brake

1 0 extend brake
11 not:gseq v

i
0 no drive

1 +ve drive (wrist pronate)
0 not used

1 =-ve drive (wrist supinate)

no drive

+ve drive (elbow flex)
not used .
-ve drive {elbow extend

Fig. 5.4: Output bits of PORT 2.
. /

¢ .
The shoulder brakes, even though not yet available, will be

made bidirectional. This means that the shoulder can be

restrained from moving further in the direction that ini-

tiated the braking, whilst allowing&movement in the opposite-

direction. This will allow the p;atient to move his stump
back from the original position which will eliminate the
possibility of jamming of the prosthesis against large loads
above the handling capabilities of the motors. The di,rect—
ion at whiclj: the brakes should be applied, if at all, are
determined by bitﬁo and bit 1 combinations of the kbyte

outputted to PORT 2.

LY
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® (iv) Monitoring the current capabilities of the prosthesis

-, T e e

6. THE SOFTWARE

The controlling software resides in the lower two 256 byte
banks of the 1K ROM on board the Intel 8748. The ﬁi%hest
/bank is designated for the storage of the linkage 1look-up

tables. The memory map is shown in figure 6.1. ‘ :

a

\

The primary functions of the controlling software are:
\ .

(i) Monitoring the shoulder position of the amputee and
determin;tion of the desired elbow and wrist positions
using the lbok-up_table for the selected.task.

(ii) Monitoring the current position of the prosthesis

elbow and wrist joints. (

(iii) Computing the optimum drive to aqhieve the desired
) P

position of the prosthesis and activating the motors

to achieve this position.

and activating the brakes if necessary.

- 36 - , - :
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LINKAGE
TABLES

BANK 3

NOT
USED

L O S T

. ,»Sﬁ ;-¢

BANK 2 . _—

v

, CONTROLLING
BANK 1| — — — — _ _

SOFTWARE _

\
\

BANK 0

Fig. 6.1: Microcomputer ROM usage.

The following simplifaed flowchart (Fig 6.2) describes the
basic steps involved in the control of the elbow joint (See
Appendix A fér a detailed flowchart of the software). The
same algorithm is used for the control of both joints with
the exception that the wrist is not mohitored fér unbéatable

servo. This decision was based on the assumption that mogt

normal movements will require the simultaneous activation of

both joints and, for most movements, the wrist will be much
less likely to fall short of satisfying the demands on the

prosthesis than will the  elbow.

’ - °
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‘ START ’

L1

READ SHOULDER
POSITION ~

1

READ LINKAGE
SELECTION

|

COMPUTE DESIRED
POSITION

COMPUTE
THE DRIVE

l r
. STOP MOTORS

APPLY SHOULDER
BRAKE

WAIT FOR
TIMEOUT

1

Fig. 6.2: Simplified flowchart for the control of the
elbow joint.

The primary input to the microprocessor comes from the goni-

ometer.

- 38 -
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from the amputee to the prosthesié. * The microprocessor,

_having obtained the shoulder position information via this

goniometer signal, computes the desired wrist and eLbow
positions from a look-up table, The look-up table to be
used for the computation of the respective desired positions
correspoﬁﬂing to the shoulder position, is determined by an
external switch as mentionéd earlier' in chapter 3.
it .

The microprocessor, having computed the desired wrist and
elbow positions, proceeds to compute the necessary drives
for the respective joints to reach their desired positions.

To compute the necessary drive, the previous positions of

the joints and their velocity are taken into consideration.

" The computation of the drive will be described in more

detail ‘later.
/

v

Having computed'the nécessary drives for both controlled jo-

"ints, a signal, which is pulse~width modulated (with 23 msec

period), is* applied to the motors. The width of the pulses

applied to each motor are determined by the computed drive

for each joint, with a maximum pulse width of 20 msec.

If the computed drive is above the limits of the prosthesis, ~

brakes are applied to the shoulder to restrict the amputee

from further demands that can worsen the situation.- The si-

‘-39 -
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multangous activation of both controlled joints are achieved
by setting the appropriate bits of PORT 2 described in chap-

te;us. It should be noted that the duration of the pulsés

. applied to either joint '‘are independent of each other. This. -

independence is achieved by firs't outputting to the port
with the bits set for the joint that requ;res the 1longer
pulse duration and, after the necessary deiay, settinglthe
bfher bits of the port. The hardware timer/counter is used

for the establishment of the time frame.

6.1 Computation And Application Of'The Drive:

The necessary drive to bring the prosthesis from its presenil

position td its desired position is computed digitally using

equation 1.

Drive = Alxg = xp* = B(xp-1 = Xp) ‘ (1)

Where: A and B are positive constants.

xq is the desired position of the particular joint

"

xp is the present position

Xp-1 is the previous position

The first component of eguation 1 gives a measuregof the

~distance the prosthesis joint has to travel to reach it's.

desired position. The second component acts as a first

order approximation of .the velocity of the joint for which
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the drive is to be com£uted. This velocity feedback modi-
fies eduatibn 1 by the amount the prosthesis joint has
travelled since the last computation of the drive. It has

the effect of proportionally reducing the drive if the joint

is moving in the same direction as the intended motion, and

if in the opposite§ direction, increasing over the basic

drive figure. The constants A and B are determined experi-
mentally to improve system dynamics by varying the effect of

the second component on equation 1.

The present position (xp) is directly read from the feedback

.pﬁfentiometer mounted on the joint for which the drive is to

be computgd.‘

“

S

The desired position (xg) is calculated using a 1look-up

table. The program reads the goniometer value representing .

the amputee's shoulder position and uses the look-up table
entry corresponding to the selected linkage to compute the
desired position for the elbow or wrist Joint.

The same technique is used in the computation of the drive
for both elbow and wrist joints. The §n1y difference Beiné
that of the ;ntries used in the look-ﬁp,table for the elbow

or the wrist, and the feedback potentiometers used for each

jaint,

- 41 -
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Having computed _the necessary drive, the problem remains to
transform this value into an appropriate signal to drivg
the motors. One method is to increase the DC power avail-

able to the motor proportionally to the computed drive from

-

equation 1. This method is known as analog control. A sec-

ond method is to apply pulses with duty cycle proportional ,
to the computed drive. Although it was reported by Ulen,
and Wagner [26] that t';his second method, known as
Pulse-Width Modulation 1is not more efficient than analog
control in terms of power consumption, works of Lozac'h’
et.al. [15,16] have found some merits in application of

Pulse-Width Modulation to prosthetic systems.

AY

N —

The electrical energy {bplied to a motor is transformed into
mechanical energy only when it reaches a certain percentage

of the nominal energy. This percentage is a function of the

’ ’\-fload on the system. 1Inability to reach this percentage of °

the nominal energy due to 1loading may be the cause of a
current drain through the motors, although no displacement
of the driven device 1is observed. In the case of a
prosthesis, where the energy storage is limited, this
unnecessary . power consumption will undesgirably shorten the

daily usage time.

[ ' v
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"If the driving signal applied to the motors is an analog
voltage level, thé amputee will not have ény means of know-
ing when tt'xe motors of a brosthesis are being activated if
no motion can be observed. If thg driving signai is pulse-

width/ modulated, however, the discrete tremor generated by

L et v sl vregees sEWT

the pulses informs the patient that his prosthesis is oper- -

ating. The acoustic level of the tremor is minimal and not
noticeable to the ear. If the tremor continues and yet no
- motion of the prosthesis is observed, the amputee, being

-
aware of the fact, will be able to abort the task ke was

trying to perform.

The effec't of this vibration feedback will be similar to the
force feedback on a natural arm. In the case of the natural
'arm, similar to a prost.hesis system, some tasks have to be
;borted if the arm is not capable of handling the opposing

[3

force. -

Having decided to use pulse-yidth modulation to drive the
motors of our prosthesis, further inveétigatiops Hhd to be
made, to find the optimum way of modulating the pulses
relative to the computed drive. The translation of the
calculated drive to the actual motor drive (voltage) would

seem to require a simple relation of the form of figure 6.3.

©
¢
- '
\ |
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Applied
drive ,
¢ ) ' £ull drive

Calculated i :
dpive’ ’

Fig. 6.3: Calculated drive versus actual motor drive. '

ﬁ%ﬁce, whether analog or pulse-width modulateé, the voltage
level or duty cycle of the pulses respectively increaseiwith’
increasing calculated drive. Further investigation with
respect to the system under consideration shows that Some
* modifications have to be made t6 the above rather simplified

relationship as shown inﬁfighre 6.4.



L Applied
drive
full drive
a Calculated

drive

Fig. 6.4: Calculated drive versus actual motor drive.

_ Due to didital'roundup errors and the possibility of slight

I

4 * .
"€intentional movement of the patient's shoulder, the

desired position - although the same as. before - may be
. f3

computed to be different. This will result in an undesir-.
?bleajitter at the terminal device. The deadband introdﬁqed
in the modified relationghip of figure 6.4 eliminates siight
variations in fﬁe comp;ted dfive, thus eliminating jitter.
Secon?ly,-it prevents current—dsain at the motors when no

prosthesis motion is possible due to very low voltdge levels

o
-

or short pulses failing to reach the necessary percentage of
the nominal energy to convé&t “into mechanical energy (even

when no load, besides the prosthesis itself, is present).
¢ 4

L4
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Further investigation\ggl\the drive relationship has shown
>

the need for additional modification to improve the response

~

of the prosthesis to the patiernt's commands. lThe £inal

~relationship used in our system is shown in figure 65,

. , . Applied
drive )
K full drive

)

t

'
i
|

)

|
b

drive . -

»
o g -~

‘Phe major reason for the modification is that the response’
R . : -

,"of an ertificial prosthesis with“present techhology is not

,as fast as a real arm, even if- full drive is applied If

v

\
the proportional relat1onsh1p of figure 6 4 is applied, it

will lead to decreasing the drive as the present position

L4

closes on the, desired position, reducing the respdnse

"further.’ The reduction of speed as the desired p051tion

getsacloser is a desirable feature, but experiments with our

Calculated ;;*(

3
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prosthePis have shoqquhat, t9 ensure a faster response, a
relationship' as in figure 6.5 has to be used. ‘&hig rela-
tionship ensures that full drive is applied when _ the pros-
thesis is beyond a certain distance (greater than b) from
the desired position. At the same time it ensufés that the
applied drive decreases linearly as the proéthes%s gets’
close to itsqdestinaﬁion (greater than a but less than b),
This kind of approach is better than using an on/off kind of
relationship as in figure 6.6, since the prosthesis does-not
sfop abruptly as it falls into the deadband of the désired
position. The limits a and b are determined experimentally
by va£ying their values and monitoring the prdsthesis res—-
ponse speed and it's smoothness as it. gets close to the

[

desired position.

Applied
drive

: full drive

. 1 Calculated ))

N T . drive <

i ‘ K

\ ,
Fig. 6.6: Calculated drive versus act®al motor drive.
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Furthé}mére, with a relationship as shown in figure 6.6, it
would not be possible to operate'the prosthesis at different
speeds. With the relationship of figure 6.5, slow movements

of the shoulder will result in small .changes in desired

position calculations, and the computed drive will fall,

inside the region bounded by points a and b, enabling vari-
able speed operation of the prosthesis.

L

6.2 Linkages:

The input/output relationship, that is, the desired wrist or
élbow positions corresponding to the amputee's shoulder
‘position for a given task, is determinéd by ; lipkage. The
input is the shoulder position, and the outputs determinéd

by the linkages are the wrist and elbow positions.

-
/

Regarding ' the input and output positions as angular
displacements from a fixed réfefence,.the relationship can
simply be wri&ten as:
8 = f141 (a)
‘ q -
Where 8 is the wriet or elbow positioﬁ and a is the shoulder

position. £3i is one of the possible linkages.

e

o

Graphically the‘felationship would have the form of one of

)
the curves shown in figure 6.7.

-
oy
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£1i(a) | ‘ T £1i(a) —

. ' :
\ (a) ‘ (b)

f1i(a) i o

G

() o>

-~

Fig. 6.7: Input/output curves for shoulder versus wrist or -
elbow for different linkades.

Although theorer:ically any of the above curves Wwould be
possible, in a position controlled prosthesis system, one
cannot allow any linkages of the type (ac). This is because
ca 110 .r’elationship between the amputee's inpu.‘t via his
shoulder position and the output wrist or elbow positic;n
must be established. A relationship of the type (c) would
imply that there can be more timn one elbow or ' wrist

hY

position output for a. given shoulder -position. This

<

»
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- the 1linkages. Hence, a different output .wrist or elbow .

8

situation would be 'cc;nfusing for the amputee because it
would be very difficult, if not impossible,, to know which of
the more than one possible outputs corresponds to his input
t i .

at-any given time L

In our prosthesis, a 1:1 relationship is maintained for all,

pbsition for the.same input position is only ‘possible under
different Iinkages (i.e. when the amputee has selected a
different linkage to perform another task) .

} Ty
f{avingv determined the possible types of linkages, the second
step is to implement those input-output relationships on the

system under consideration. : o

-

\

. \ .
Two approaches are possible to ‘implement the,lf)kages on a
microprocessor contrglled.prosthesis.. The first of those is

to implement f;j(a) analytically on the system for each

task. Then for a selected task, the software will use the

appropriate fjij(a) to determine the o;.ltput-wrist and elbow

v

positions g , for each input a, as the amputeee moves his

v

shoulder to perform a task. This scheme, even though very

elegant, will require a 1lot of computation time.. This

P

e e e

e - ~s0-

overhead is especially un-acceptable in a prosthesis system

because it. will slow down the response of the prosthesis.

1
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This slowed down response, along with the mechanical rest—
raings on speed, will make the prosthesis too slow to be
acceptable. Secondly, this scheme requireé the prior know-
ledée of fli(u)rwhich may be very comblex in many cases,

A second method is to use look-up tables to det;:;ine the
Qutput positions cofrespohding to the input positions. This

method is much more suitable than the analytical approach to

" determine the input/output relationships in a microcomputer

based system. The major advantage is in the considerable

reduction in real time computations.

In the look-up table method, f1;( a) is solved fbr' every
possible input position a, and the valueé are stored in a
table in microcomputer' ROM . This 1is repeated for each
linkage to be provided ;in the prosthesis. Thus £ n

linkages, n such tables have to be constructed and stored in

2
memory. The tables can be constructed by either. solving

fi1i(a) analytically, or, in cases where f1j(a) is difficult

“to determine, experimentally. 1In the experimental approach,

every possible shoulder position and the corresponding elbow
and wrist positions will have to be determined for each

linﬁpge and a table cohst;ucted}

- T —
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,One drawback of this table a#oach is that it has very

large memory requirements. For our prosthesis, the shoulder
will be able to move freely over 128°. Hence, if we were to
store the output position for each degree of shoulder dis-

placement, we would need 256 bytes (128 for the wrist and

'128 for the elbow) per linkage. This would be impossible to

store in our present memory capacity, hence, we would need
external*memory to accommodate the 2K (256x8) bytes for our
8 possible linksges. y

The addition of external memory and the hardware to access

this memory would increase the space requirements of our

L
controlling electronics and would increase the power con-

sumpf:ion of the system.

-

A method to overcome the large memory requirements described
earlier, is to piecewise linearize the function fli( a), We
have done this piecewise lineafization by splitting £;4(a)

into 8 equal regions as shown in figure 6.8.

-



£f1i ( «)

0° 16° 3

Fig. 6.8: Linearization process.

Each region covers 16° of the ;naxi,rnu'rn possib‘le 128° position
range of the shoulder join{:.. Having split £3j(2) into those
8 region?, we then have éiecewise lineérized the function in
each region. The regions are small enough for our applicat-
ion not to cause unacceptable error. The choice of the num-
ber of the regions is made wi;:h the assumption that no task

will require sharp slope changes within a 16° énvelope of

shoulder displacement.
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The function f£3j(q) is then approximated for each region by

the equation: L

fli(uj) M(aj-ark)+ C

Where M = slope

C = base . 5

ark =a at the beginning of the kth .

) region

¢y = the input angle that falls in the kth T
| region )

(

With this scheme, all that has to be stored is the slope and
the base values for each region. The microprocessor can
compute f31j(a4) from this information very quickly and
obtain the desired output wrist or elbow positions for every

>

shoulder position input.

,’ 16 bytes of data storage are required to control one 3joint

"in- a given linkage. Thus for two Jjoints, 32 bytes are

required. Hence, 8 1linkages can be stored in 256 bytes
which is what would have beén necessary for each linkage if

the curves were not piecewise linearized. R

¥

A detailed description of the construction of a linkage

table is given in apppendix B.
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7. CONCLUSION

~

A micropfoce.ssor - controlled prost_:"hes:i.s for above-elbow
amputees :’h.as been described. The functions supported by the
.prosthesiis are hand prehension, wrist rotation' and elbow
flexion/extension. Hand prehension is controlled by EM’(';'
signals from biceps and triceps musctles using the system
developed at the Rehabilitation 1Institute of Montreal.
Wrist rotation and elbow flexion/extension are controlleii,
in a.coordinated manner, using a modified form of e.p.{a“\.
(extended physiological proprioception) originally intro\
duced by D.C. Simpson. The shoulder flexion/extension hgs\.
been selected as the controlling .input. The .relationship
Setween input and output 1is determined by a set of éelec-
table linkages stored in microcomputer memory.

In designing our prosthesis, the most important factor we
have considered is amputee acceptability. No matter how
elegantly desi_gnea, a prosthesis system is to be considered
useless unless it satisfies the amputee's needs. A survey
thro‘ugh the related literature shows that the major reasons
for the rejection of powered prosthesis systems by the
majqrity of amputees are; lack of functionality, uncosmetic

appearance, unreliability, excessive weight and difficulties

in wearing and operating the prosthesis.

- 55 -
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.appearance of a natural arm.

Cosmetic appearance appears to be one of the most important
factors affecting amputee acceptability. Although 1less
functional than a hook, a simple pinch prehension hand is
more likely to find amputee acceptance because it resembles
a normal hand and thus will help to restore the normal
appearance of the person..

Similarly, a prosthesis system ?vhich is bulky and‘needs the
attachr‘nent of external components, such as battery packs,
harnesses etc. is less likely to be accepted by amputees.
The prosthesis described in this thesis is expected to

satisfy the aesthetfc needs of the amputee because it is

"y \

self contained, with integral power supplies, and has the

s

However, as mentioned earlier, aesthetics .are not all that
is required in a prosthesis. Functionality, ease of operat-

fon, and reliability are also major factors affecting

~ amputee acceptability, Our prosthesis control strategy in-

corporates some features that contribute to improve those

aspects.

One problem - with existing proséhesis systems is that the
complexity of operation increases with incrgasing function-

E]

ality. By using preprogrammed linkages in our prosthesis,

Y

T
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we have peen able tt_) reduce this) coinplexity. The ability to &
simultaneously control the elbow and wri joints of the
prosthesis with one body input (the shoulder position) will

reduce the demands on‘ amputee contentration. The use of the ;

shoulder joint as the input will be a help rather than a

hindrance, since most manipulativé tasks do require the

coordinated motion of shoulder, elbow and wrist joints. )
Earlier, it was stated that a prosthesis vsystem with fixed
linkages would limit the amputee's ability to perform more
than a few tasks. The selectability of the linkages in our
prosthesis will allo‘% the amputee to choose the appropriate
linkage for the intended task, thus overcoming this limit-
ation. Currently, we are able to incorporate eight linkagés

). and these are not necessarily limited to the same number of
tasics. Once the amputee becomes well accustomed to the dif:-.
ferent . linkages available in his '‘prosthesis, he may use a
given 1linkage to perform several different tasks that re-
qui:% similar linkages. ’

» b]

g
] . L]

Another important factor in a prosthesis, is amputee confi-
\\.'§~ \

dence in its performance. Proprioceptivelfeedback, provided

by employing extended physiological p;opriéception in our

o ‘3 & ,
prosthesis, will help to develop this amputee confidence.
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Having learned the linkages available to him, the an\putee

wi‘ll be able to associate his shoulder joint positions with

the prosthesis joint positions. This is different from the »
EMG controlled prosthesis where the“ amputee is not aware of

the electrical activity in his muscles and- thus has to rely

on vi‘sual observation to ensure that the prosthesis is
behaving according to his demands. The proprioceptive feed-

back in our prosthesis will release the amputee f;:om this
burden and the operation of the prosthesis will become mére
subconscio;xs. This is extremely ® important since a pros-
thesis system, unlike other machines operated by men, should )

not require hitjh levels of concentration by the amputee. A
person wearing a prosthesis should be able 'to be involved in ' C©
o;:her activities, such as *think—ing, talking or‘looking some-

where else while performix:xg a task. ¢ o~ j
'ideally an arm'prosthesis should replace -all the function-
ality of the lost) limb. .However, technological 1limitations, '
especially mechanical constraints, restrict us from deve'lpp-:
ing an artificial limb that will match the functionality of
the natural limb. Thus a prosthesis, at its best, is still

a poor replacement for the natural limb. Even so, it pro-

vides the amputee with a lot of functionality.




#

‘The pfosthesis described in this thesis will be most effect-

ive for amputees who have the use of one hand. Néturallyg

an amputee who has ‘The use of one arm will use this arm most

of the time for all the tasks that he can perform with one

«hand. However, for tasks that involve the use of two hands,

’\/ + 4
the artificial arm will be used as a helping hand, while the

'\\shnormal arm is performing the task.

N L3

People who are involved in 'joBs that are intellectually

oriented will not need this helpiné hand most of the time.

For them, a prosthesis perhaps won't be more than a cosmetic

-

device to restore their physical appearance. For people who

are involved in jobs that are manually oriented, however,

ﬂgwhe loss of one arm may mean that they will not be able to

continue their profession. To learn a new profession that
does not require the use of hands, will be very difficult in
most ‘cases. A prosthesis that can restore at least some of
the functions of the lost arm will be iﬁdespensible for thig

class -of amputees. .-

<]

A prosthesis is most esseptial for bilateral amputees to

restore some of the functions of the normal arm and for uni-
¢ & ’ ! .
lateral amputees that are involved, or wish to get involved,

in manually oriented professions. Our prosthesis has advan-.

tages over the existing prosthesis in terms of serving this

A T ek ot ¢ e
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latter class ' of amputees. The use of 1look-up tables in

determining prosthesis input/output felation'ships,, allows
for the easy modification of the functions of our prosthesis

%

‘according to individual amputee needs. Thus, we #re able
to provide the amputeé v:ith, custom desighed prosthesis func-
tions. ’Thiso flexibility is very important because dkiffereﬁt
work environments ;.eqhire\'different‘ manipulative abilities.
An amputee working in a machine shop may ﬁeed, as one of his
selecti,ons, a linkage to operate a drill press; wh(ereas an

amputee working in a carpenter shop may need a linkage to

operate a bench saw.

AN

#
o

The unique feature of the above-elbow prosthesis ‘described
1".,n this -thesis is tﬁat _.n;any diéfere'ntt linkages can be
pre-—,programmed in mticroproes_sor mem.ory. An additional fea-
ture is that the system dynamics are controlled by the
I;icrIOprocessor thus allowing variabll'e.spe.edﬂ operation‘of the
artificial limb. It must be-‘notedgthat the prosthesis is
under total contfol of th‘e am_putee, hence there is no rdbot-

»

/ization. o

(
L

The controlling concepts used 1n this current prosthesis can

\ be extended to 1nclude the shouldez(‘:;joint as one of the con-

trolled functions of the prosthesis for shoulder disarticu-

lation amputees. The vement of the clavicles will then

s

- 60 - Wm-
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have to be used QS the controlling inp&g& and thellinkage
¢ » s 3

tables have to be extended to .incorporate the input/output

relationships for the sho%}der joint. o '

o

Further possible expansions are the incoxboraﬁion‘of"passive

wrist bending and elbow rpfation mechanisms. The necessity

— .

£or such features has toibe:determineé at a later stage."
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9. APPENDIX A

’

COMPUTE OPERATING RBGION
WITHIN LINKAGR TABLE

CONPUTE ELBON
ROTOR
PULSE WIDTH
(see Fig. 9.2)

l

CONPUTE WRISY
noTOoR
POULSE WIDTH
(see Fig. 9.3)

Y

1

.

pr
H

SET TINER COUWT 70 256
(NAXINOM PULSE WIDTH)

—

CONPARE ELBOW POULSR WIDTH
WITR WRISTY PULBE WIDTH

[ ;rxn1 = ELBOW TIKE ]

| TINE2 = WRIST TINE I

Lrnm - WRIST ﬂnz]

L'unsz = ELBOW TIME |

MAIT UNTIL
TIMER = TINB!

|

SET TEE BITE ON THAR B80S
POR THE JOINT CORRESPONDING
70 TINEY

L

WAIT UWTIL
TINER = TINR2

|

SET THE BITS ON THR BUS
POR THE JOINT CORRRSPORDING N
70 TINE2

'|nxrmn.um-o|

Y

v

. . )
Fig. 9.1: Prosthesis copt\‘:ol- flowchart.
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. CONPUTE DESIRED ELBOW - )
POSITION FROM LINKAGE : B

I -

SELECT NFX 0
" AND START ADC

READ PRESENT
BLBOW POSITION

. SET PAST ELEOW POS.
TO PAES. ELBOW POS.

SET BRAKE BITS

l CLEAR BRAKE BITS ] ACCORDING TO
SBOULDER DIRRCTION

r ¥,

|

Y
88T DIRBCTION
AND OW/OPP TO 0 m

Y

SET DIRECTION
AMU OM/0FFY BITS

N COMPUTE PULSE WIDTH
PROPORTIONAL TO
CONPUTED DRIVE
!:
SET PULSR WIDTH Y
TO MAXTNOW
F -

Fig. 9,2: Flowchart for the computation of the elbow

pulse width.
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8ET DIRECTION
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10. APPENDIX B

In this appendix, ‘as an example, the construction of the
linkage table to operate a bench saw will be illustrated.
In constructing this linkage table, it is agssumed that the

prosthesis will be used by an amputee who is approximately

6 feet tall, A graphical approach has been taken to

t

establish the desired positions of the prosthesiskelbdw and

wrist joints relative to the shoulder position.

The arm motions required to operate a bench saw can be

graphically modelled as in figure 10.1, where: -

ay= 12 in. (distance be
ap= 13.5 in. (distance befween elbow joint and the palm)
s = 16 in. (distance petween shoulder joint and, bench)

| %

shoulder joint ‘

81 ‘ 1‘

.elbow joint

to cut

X

Fig. 10.1: Graphical representation of the natural arm
movements to operate a bench saw.

-7 - : ‘

een shoulder and elbow joints)-
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To establish the linkage:for the elbow motions, the rela-
tionship between g, (the angle bétween a; and the vertical
'axiS), and 8, (the Yelbow angle measured as the displacement

from its fully extended position), must be determined first.

-

From figure 10.1, y . R -
8 = 90°-8 —¢ " . o .
. and, N ' o X ) ' N—
: s - ajcos(8)
¢ = sin-1 .
a2 . )
. hence, o i
: v s - ajcos(g) ’ .
8 = 90°-8 - sin~! - : (B1)

naz. ¢ . *

B . A

2

The goniémeter displacemeént ( a) is ‘measured as shown in

figure 10.2.

shoulder jbint oy

»

' " max. shoulder -
max. shoulder . - extension
. flexion . . .

. .
. .
ﬁk . 3
)
.

&

-

-72-_-
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The 1limitations on shoulder  flgxion 'ar,\d extension in
figure 10.2 roughly defini/(g:w/;ope in which the mount-
ing sockets are expected to allow the shoulder to move.

‘

Pl

From figure 10.2, the goniometer angle (&) is related to the

displacement from the vertical (g) in figure 10.1 by:

¥

ov

a =g + 48°

©

From equations B1 - and B2,

o ot
¢ ?
‘Y

-

®» = 138°-a ~ gin-t
' o s oajz

o

s - ajcos(a - 48°) | N

A

t;sing éqqati’.o_n ‘B3, the values of 8 for a r;nging from 0 to
99 degreeé) have been t‘aybula‘ted .in table 10.1. . The reason
for having 99 degrees" as the uppér 1limit is due to the
values of aj, az, and s, which at 99 degrees goniom\etér dis-
placement Qwould for‘ce thé elbow ‘to be fully extended. It
must be noted that, for the saice of Ealculations; it ‘is

.
aqsumed that .the perso‘nloperating_the. _bench ’saw with  his

pfosthe\,sis will maintain his vex;tical body pesition. In

3

" actual practice, if he bends towards the table, he may have-

to compensate) for thi% change by adjusting the bench hight,,

3
[

-

% ' I " (B2)

(B3).
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The Values for a , a’md 8 are thgn «ploted on 'a graph in
[

figure 10.3 for piecewise linearizatoi/q The base and slope

-
Y A . ) .
4 . \ A
- _ \
- "

'values’ for each rggio? obtained from the piecewise 1inear-—~ "

ization are tabulated in table 10.2.

&
a . 8 a e - a, e
. 0.00 | 101.81 | 34.00 85.17 | 67.00 | 50.84
, 1.00.| 101.62 | 35.00 84.39 | 68.00 49,52
2.00 | 101.51 | 36.00 83.60 | 69.00 | ‘48.19
3.00 | 10%.18 | 37.00 82.78 | 70.00 46.84
4.00 |,100.92 | 38.00 81.95 | 71.00 45.47
5.00 |%100.65 | 39.00 81.11 | 72.00 44.09
.6.00 | 100.36C| 40.00 | ‘80.25 | 73.00 42.69
7.00 | 100.05 | 41.00 79.37 | 74.00 41.28
8.00 99.72 | 42.00°| '78.47 | 75.00 39.85
9.00 99.3% | 43.00 77.54 | 76.00 38.40
10.00 99,01 | 44.00 | 76.68 | 77.00 36.94
11.00 98.62 | 45.00 | .75.69 | 78.00 35,46
. 12.00 98.22' | 46.00 | .74.73 | 79.00 33.96
13.00 97.80 | 47.00 73.76 | 80,00-| 32.45
14.00 | 97.37 | 4800 | \72.76 | 81,00 | 30.92:
'\Us.oo-- 96.92 | 49.00 1.76 | 82.0071" 29.37
16.00 96.45' | 50.00 70.723 | 83.00 27.80
17.00 95.96 | 51.00 69.69 | 84.00 26.. 22
- 18.00 95.46 | 52.00 68.63 | 85.00 24.62
19.00 94.94f"] 53.00 67.56 | 86.00- | 23.01
20.00 94.40 | 53200 } 66.47 | 87.00 22.37
21:00 | . 93.85 | 55.00 |. 65.37 | 88.00 19.72
22.00 93,28 | 56.00 | .64%25 | 89.00 18.05
23.00 92.69 | '57.00 ] 63.11 | 90.00 16.. 36
24,00 92.09' | 58.00 61.95 | 91.00 | 14.65
25.00 -] 93.47 é?59.oo- 60.88 | 92.00 12.92
'26.00 90.84 ¥ 60.00 | 59.60 |’ 93.00 11.18
27.00 90.19 [ 51.00 58.39 | 94.00°| - 9.41
., '28.00 | 89.52 | 62,00 57.17 | 95:00 7.62"
29.00 88.84 | 63.00 56.94 |- 96.00" 5,81
30.00 88.04 | 64500 | 54.69.] 97.00 3.99
31.00 87.42. | 65.00 53.42 |-98.00 2.03
‘32500 86.69-| 66.00 | 52.14 |"99.00 0.26
33.00 85.94 : ‘
, . v - S -
v . \“ ‘o ‘
'rable 10.12 Blbow angle versus goniometer angle for \
'+ +. -bench~saw operation linkagc. - [,
FERE .
“‘ s 3 - . . )’ .- 7‘ -' P i
i ¢ ;0 ’:’ . , .
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REGION | BASE SLOPE
1| .81 | -0.1675
2 96.45 | -0.3050
3 86+69 | -0.4353 .
1 72.76 | -0.5647
5 54, -0.6950 | - |
6 32.45 | -0.8325 | ° !
7 5.81 | 0.0000 “
8, 5.81 0.0000

Table 10.2: Base and slope values for each region of the.
elbow linkage fo:: bench-—saw operation.

4

The base and slope values of table 10.2 can now be converted

"into binhry values interpretable by the microcomputer fo::,“

4

,the position-ing of ' the elbow. ', The 'base values are approx-

imated to~ the closest integer and are stored as a.n 8 b1t
¥

\ binary word. The slope values are first divided by 2 and

'i:heh}étored as .a signed‘ 8 bit word as in figure 1074, The

reason for this division is to be able to make use of the
‘ N R : ’ ’ r: :
full range of the 8 bit ADC via which the goniom‘eter value

is read. Each degree change.of" shoulder position is made to

" 2 3

N 1 . E‘
_correspond to a change of a value of tWwo at the ADC output

", for '‘better resolution. Hence the slope's. éhldulai:ed‘ from?

figure 10.3 have to be divided by two. o / v

[2 . . . . ’ t .- T - A
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Using the above described approach, the final linkage table,
for. the bench-saw operation is ?onstructed in table 10.3.
For this/ particular operation the w}ist ié\ stationary,
hence, the derivation of the wrist values for the linkage
table are greatly simplified. " However, if this operation
were to require the movement of the wrist, we would have to

go through similar calculations as for the elbow to obtain

the wrist entries of the linkage table.

§
D7|{Dg|Ds| Dg| D3} D2| D1 Do . . .
| : " fraction ' e
. integer part. '
sign bit
O= +ve e
1= -ve s ,
)
i > .
Fig. 10.4: Representation of the: linkage table slope values
as an 8-bit word.
- ‘ ’ ‘ 5 . ‘“ I 4 AJ'»

" Note: All negative numbers in the program are represented in

r 12'5 éomplem¢ﬁl férmt Nuy?eiq'represented.iv thé form

' shown in figur® 10.4 are treated as being positive

(i.e. HSB=03'for purposes of - multiplication, and th?
result, if the number w#s negative, is converted into »

2's complemenbf The multipiication routine 'uged "in

the program is presented in Appendix C. .

¢ .

EEY
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BINARY VALUE|HEX VALUE !EANING OPF ENTRY
10000101 85 |Region 1 elbow slope|
01100110 66, ‘Region 1 elbow base
00000000 00 Region 1 wrist slope
01000000 | 40 Region 1 wrist base
10001010 8A Region 2 elbow slope
01100000 60 Region 2 elbow base
00000000 00, Region 2 wrist slope

© 01000000 40 Region 2 wrist base
10001110 8E |Region 3 elbow slope
01010110 56 Region 3 elbow base
00000000 00 Region 3 wrist slope
01000000 40 Region 3 wrggg base

¥ 10010010 92,  |Region 4 elboy slope
/ . 01001000 48 Region 4 elbow base
00000000 00 Region 4 wrist slope
01000000 40 Region 4 wrist base
10010110 96 Region 5 elbow slope
00111000 38 Region 5 elbow base
00000000 00 Region 5 wrist slope
01000000 40 Region 5 wrist base
10011011 9B Region 6 elbow slope
00100000 20 Region 6 elbow base
00000000 00 Region 6 wrist slope
01000000 40 Region 6 wrist base |
00000000 00 |Region 7 elbow slope
00000110 06 Region 7 elbow base
"000Q0000 00 Regioh 7 wrist slope
01000000 40 Region 7 wrist base
00000000 00 |Region 8 elbow slope
00000110 06 Region 8 elbow base
00000000 00 Region 8 wrist slope
01OOOOOOI 40 Region 8 wrist base

O

P

Table 10.3: Final linkage table for bench-saw operator.

- - 8
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11, APPENDIX C

A Y

g*t*** EIGHT BY EIGHT UNSIGNED MULTIPLICATION ROUTINE *#*#*%

H INPUT:-

: .« OUTPUT:

BMPY: MOV
CLR
CLR

BMP1: RRC
* XCH .

RRC

XCH

JINC

n ADD
BMP2: DINZ

RRC

XCH .

RRC

XCH
RET

R5=MULTIPLIER

-R4MULTIPLICAND

A =UPPER EIGHT BITS OF RESULT
RS5=LOWER EIGHT BITS OF RESULT

R6,HS

A
c

A
A,R5
A
A,R5
BMP2

A,R4

R6,BMP1

A,R5

AR5

e %o w9

-y

-

Set loop camnt to 8.
Clear A. .
Clear carry bit.

Double shift right A & R5 - /
into carry. '
. /  j

*
!

If carry not i, don't add
multiplicand to A. N

Decrement loop count and
loop if not zero.

Final double right shift
before exit.

K

NOTE: Maximum tige to execute this code is 0,205 msec, at

6 MHz clOck rate, which is roughly 5% of the time it

* takes for the program to go through a cycle. L »

> >



